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This proximal deposition was due both to direct impaction from the air Jet coming from the glottis and to effects of the turbulent flow. Turbulence produced inhomogenous deposition patterns within the trachea for particles of all sizes, although its effect was more pronounced as size decreased. Tracheal deposition in the human cast was within the range of normal in vivo tracheal deposition only when a larynx was used during cast test exposures; this emphasizes the need for the use of realistic experimental test systems for the study of particle deposition patterns. The relative patterns ofdeposition in casts of the donkey trachea and in the same tracheas in vivo were similar
INTRODUCTION AND BACKGROUND
The pattern of deposition of inhaled particulates is an important determinant of the risk from environmentally induced disease or injury. The trachea is the first conductive airway which particles encounter after passing through the upper respiratory tract, and it is also the most readily accessible of all the conductive airways. Although data are available on tracheal air flow patterns (Proetz, 1951; West and Hugh-Jones, 1959; Dekker, 1961; Owen, 1969; Sekihara, Olsen, and Filley, 1969; Olson et al., 1973 ) and mucociliary transport rates (Kensler and Battista, 1966; Morrow, Gibb and Gazioglu, 1967; Albert et al., 1974; Santa Cruz et al., 1974; Yeates et al., 1975) This paper describes tracheal particle deposition patterns and provides information on the relation between deposition and air flow pattern, based upon the study of deposition in a hollow cast of the human larynx-tracheobronchial tree. Results were compared with data from previous studies using casts, and with work performed in humans in vivo. In addition, the relevance of tracheal deposition as measured in a cast to that actually occurring in vivo was also studied by examining deposition in donkeys in vivo and in casts prepared from the Particle deposition in the trachea: in vivo and in hollow casts Oneofthemajor factors affecting the tracheal deposition pattern is the flow field resulting from entry of the inspired air through the larynx as a jet, directed towards the posterior tracheal wall. This results in the production of turbulence at relatively low flow rates. Using hollow casts of the human trachea which extended through the first bifurcation, coupled with a larynx having the glottis in a 'natural respiratory position', Dekker (1961) found that the flow through the trachea changed from laminar to turbulent at a mean value of 5-8 litres/min. Olson et al. (1973) , using a cast extending through the segmental bronchi and various larynxes moulded to be representative of their shape at different steady inspiratory flow rates, found that unstable flow began in the trachea for rates of-9 litres/min. Thus, since our cast deposition tests were performed using a larynx, and at flow rates >15 litres/min, some degree of turbulence was produced within the trachea during all test runs. Any turbulence generated is probably contained outside a laminar boundary layer, which would exist along the tracheal wall (Pedley, Schroter, and Sudlow, 1971; Bell, 1974) .
The deposition of particles within the trachea increases with turbulence. Turbulent eddies inject submicron particles into the laminar boundary layer, from which they may deposit by Brownian diffusion (Owen, 1969) . Eddies may also enhance the inertial deposition of larger particles by projecting them towards the tracheal wall at a higher local rate than would occur in the absence of any secondary flow (Davies, 1966) .
METHODS OF PROCEDURE DEPOSITION WITHIN THE TRACHEA OF A HUMAN AIRWAY
CAST Details of the preparation of the hollow tracheobronchial tree cast, test exposure technique, aerosol generation, and detection system for analysis of deposited activity are given elsewhere (Schlesinger, Cohen, and Lippmann, 1974) . The technique involved exposure of a hollow, silicone rubber cast, which extended to bronchi of -02 cm diameter, to radioactively tagged (99mTc, Tj=6 hr) ferric oxide microspheres at constant 'inspiratory' flow rates of either 15, 30 or 60 litres/min while suspended within a PlexiglasO 'artificial thorax'. Mass median aerodynamic diameters' (MMAD) ranged from 0-26 to 8-0 pim. The cast was coated with a thin layer of silicone oil (viscosity = 50 cP) before each test run; the oil acted to simulate the wet surface ofthe actual tracheo-bronchial tree. Deposition within 1 cm regions along the trachea was measured with a multiple convergent channel (focusing) collimator, and a 7-6 cm (3 inch) diameter NaI (Tl-activated) scintillation detector.
A hollow larynx cast was used during each test exposure in order to produce more realistic entry conditions into the trachea. Because the geometry of the laryngeal airway changes with flow rate, three larynxes were modeled from a cadaveric larynx, each representative of one of the flow rates used. Details of the preparation of these casts have been given elsewhere (Schlesinger et al., 1974) .
DEPOSITION WITHIN THE DONKEY TRACHEA The donkey has been used as an experimental animal for a number of particle clearance studies in this laboratory (Albert et al., 1968; 1969; 1974; Berger, 1974) . For the current study, each of two donkeys inhaled radioactively tagged (99mTc) ferric oxide aerosols through two vinyl catheters inserted into the nostrils. A plastic bag was placed around the catheters to seal the nose and mouth. Each donkey was exposed to test aerosol, generated by the same system used for the humancast tests, for 5 minutes. Four tests, using aerosols ranging in size from -0-3 ,tm to -5 jtm (MMAD), were performed with each animal.
The donkey breathing pattern during exposure was monitored using a constant temperature anemometer (Thermo-Systems Model 1034) coupled to an electronic chart recording module. The measurement of initial tracheal deposition was made within one minute after the end of each exposure period using a rectilinear scanner, which viewed 7-6 cm wide segments from the base of the neck to below the larynx (Albert et al., 1974) . These segments were designated as positions 6 to 3 respectively.
Following the in vivo exposure series, the donkeys were sacrificed and the lungs and larynx were removed. The trachea and one lung of each donkey were cast, using the same procedure as for the human cast. The donkey larynx was cast with its geometry representative of quiet respiration (Sisson, 1953) . The trachea of each cast was marked off into 7-6 cm counting regions, which corresponded to those studied in the in vivo tests.
Four tests, corresponding to the four in vivo tests, were performed using each cast. For each test, the larynx-tracheobronchial tree was suspended within a Plexiglasl; 'artificial thorax', in a manner believed to be close to the way the tracheobronchial tree was situated in vivo, although there was no way to determine whether the correspondence was exact. The ferric oxide aerosols had similar MMADs to those used for the in vivo tests and were tagged and generated Table I and compared with tracheal morphometry of the human airway cast. Since the cast was prepared from the lungs of a male, only data for males are presented. The length and diameter of the cast trachea are seen to fall within reported ranges. A deposition peak for particles > 1 2 /im was observed, generally within the first 2 cm downstream from the larynx. This peak is due, at least partly, to the direct impaction of particles from the incoming air jet.
In previous studies (Schlesinger and Lippmann, 1972; Schlesinger, 1975) hollow casts which extended through the segmental bronchi were exposed without a larynx to ferric oxide aerosols. Deposition profiles for a number of test runs using these casts are shown in Figure 2 . Tracheal deposition is more uniform in these earlier runs, as compared with those obtained in the current study. The enhanced proximal deposition seen in Fig. 2 for 6-3 ,m particles at 55 litres/min may be due to the more highly turbulent nature of the flow (Sekihara etal., 1969) .
The nonuniformity of the deposition pattern for the -03 ,um particles is an indicator of the degree of departure from ideal laminar flow within the trachea; in laminar flow, these particles would deposit by Brownian diffusion uniformly along the tracheal wall (Martin and Jacobi, 1972) . As flow rate increases, the inhomogeneity would increase with an increase in turbulence. As expected, the most uniform deposition pattern for these particles occurred at a flow rate of 15 litres/min (Fig. la) . At 30 litres/min (Fig. Ib) and at 60 litres/min (Fig. 1c) there was a progressive departure from deposition uniformity.
In runs at 30 and 60 litres/min with the -0-3 ,um particles, a deposition peak was observed within the first 2 cm distal to the larynx. Since deposition due to inertial impaction is negligible for these particles, this peak indicates the presence of turbulence in this region. Turbulence in the upper trachea may also cause a proximal shift in the deposition of larger particles, resulting in enhanced deposition over that due solely to directjet impaction.
An enhancement of proximal tracheal deposition due to turbulence was observed by Proetz (1951) , who studied inspiratory currents and chemical powder deposition in a cast extending from the mouth to 1 inch (2-5 cm) below the larynx. He noted that areas of turbulence corresponded with deposits of powder, and both occurred on the rear wall of the trachea below the larynx.
Another example ofthe relation between flow structure within the trachea and ultimate deposition pattern may be taken from Fig. lc . For runs at 60 litres/min, the region which extended from 8 to 9 cm distal to the larynx exhibited enhanced deposition. Based upon measurements performed using a hollow cast, including a larynx, Olson et al. (1973) developed velocity contour maps for various positions within the trachea. At 60 litres/min, the highest velocity contours were found to be extremely close to the dorsal wall in the lower part of the trachea. Those contours which exhibit the greatest velocity should also contain the greatest concentration of particles. In a relatively highly turbulent flow regime, such as that at 60 litres/min, particles very close to the wall may acquire considerable velocities, causing them to be deposited by inertia (Fuchs, 1964) , resulting in areas with concentrated deposits.
As inspiratory flow rate changes, the geometry of the larynx changes, resulting in alterations in the structure of the turbulence within the trachea (Olson et al., 1973) . Any changes in the distribution and strength of the secondary flows would affect the pattern of intratracheal deposition; this is evident in Fig. 1 for the deposition of similarly sized particles at different flow rates. However, the deposition of the 1-2 ,m particles was affected more by changes in air flow patterns obtained by increasing the flow rate than was the deposition of the larger particles, whose motion was increasingly determined by inertial forces. Figure 3 shows the tracheal deposition of ferric oxide aerosols obtained during in vivo human test exposures (Lippmann, Albert, and Peterson, 1971; Lippmann, un- published data). These data are compared with that obtained for tracheal deposition within various hollow casts. Deposition is plotted versus the inertial parameter da2Qa, where da= mass median aerodynamic particle diameter in pm, and Q a= average inspiratory flow rate in litres/min. This dimensional parameter permits data collected in tests with various average flow rates and particle sizes to be normalized (Lippmann and Albert, 1969) . The scatter seen in the in vivo data is due largely to variability in the flow pattern through the glottis between individuals and, possibly, even in one individual as the position of the vocal cords changes during inspiration (Dekker, 1961) . The tracheal deposition percentages obtained with the human airway cast used in the current study (cast 5) generally fall within the range defined by the values for in vivio deposition. Casts 1, 2, and 3 were from a previous study (Schlesinger and Lippman, 1972) The variability attributable to the latter two factors can be determined directly for each animal on the basis of a series of repetitive tests. However, the animals used in the current tests were selected because they had physical disabilities, unrelated to their lungs, which limited their further use. One was increasingly lame, and the other had failing eyesight. Accordingly, only one in vivo test at each particle size could be performed in each of them. However, data on variability were available for a substantial number of repetitive tests which had been performed on three other donkeys maintained in the same colony, and these data were used as the basis for determination of an in vivo variability factor.
TRACHEAL DEPOSITION IN HUMANS in vivo
Each of these three donkeys had had 33-40 deposition tests performed with particle sizes of -5 ,um (MMAD), ie, the largest size used in the current study. The variability factors for each tracheal position were expressed as the mean coefficient of variation of the fraction of the total tracheal deposition with occurred within each of the tracheal positions for all test runs. Since variability did not significantly differ (P<001) with position along the trachea, the in vivo variability factor was taken to be the mean coefficient of variation for all tracheal positions for all tests, ie, 15 0%. This value was the same (P<0-01) for tests at other particle sizes in these animals, and also the same (P<0-01) for six tests with 5 ,um particles previously performed on Cleo and Anthony. Thus the fractional tracheal deposition in all donkeys appears to have similar variability.
Each value for fractional tracheal deposition in the cast may be compared to the actual measured in vivo value, taking into account the estimated range of normal variability from the available in vivo data.
To perform the in vivo-cast comparison, the measured deposition in each of the donkey tracheal positions was expressed as a fraction of the total activity deposited within the tracheal in that particular test. The fractional deposition within each position for each cast test was then divided by the fractional deposition within the comparable position for the corresponding in vivo test. A ratio of 1.0 indicates that the in vivo and cast fractional deposition values were identical. In Fig. 4 , the calculated ratios are shown, together with 'error' bars whose magnitude was based upon the error and variability analysis discussed above. Twentyfive out of 28 ratios overlap the value of 1 0, indicating that, in general, the tracheal deposition patterns in the cast and in vivo are not different. No ratios are shown for donkey Anthony using ,0 3 ,um particles, because there was no measurable deposition in his trachea in either the in vivo or cast tests. The influence of the larynx on tracheal deposition is evident from data in Table II . For particles larger than 1 ,um, position 3, which is immediately distal to the larynx, had the greatest deposition of any tracheal region. In the in vivo and cast tests on Cleo, using --O3 ,um aerosols, the absolute amount of deposition was very low in all positions but was highest in position 6. 
